Abstract Toronto Springs is a complex distributary karst spring system with 11 perennial springs in the Missouri Ozarks, USA. Carroll Cave (CC) and Wet Glaize Creek (WG) were previously identified as principal recharge sources. This study (1) characterized physical and chemical properties of springs and recharge sources; (2) developed end-member mixing models to estimate contributing proportions of CC and WG; and (3) created a conceptual model for the system. Samples analyzed for major ions and specific conductivity, in conjunction with a rotating continuous monitoring program to identify statistically comparable baseflow conditions, were used to assess differences among the sites. Monitoring data showed that the springs differed depending upon recharge proportions. Cluster analysis of average ion concentrations supported the choice of CC and WG as mixing model end members. Results showed a range in the proportions of the recharge sources, from surface-water to groundwater dominated. A conceptual model suggests that a system of distinct conduits beneath the WG flood plain transmits water to the individual springs. These conduits controlled the end-member recharge contributions and water chemistry of the springs. Interpretation of relative proportions of recharge contributions extends existing knowledge of karst hydrologic geometry beyond that of point-to-point connections to revealing complex surface-water/groundwater mixing in heterogeneous distributary spring systems.
Introduction
Local hydrology in the Ozarks ecoregion of Missouri (USA) is dominated by karst features and processes such as losing streams, caves, and large spring flow systems. In Missouri, over 4,400 springs have been documented, including eight first-magnitude springs (Jackson 2013 ) that have an average discharge equal to or exceeding 100 ft 3 s −1 (2.8 m 3 s −1 ; Meinzer 1927). Recharge via losing streams is the common recharge mode for spring systems in the Ozarks and several of these systems have been well characterized by dye-tracing studies (Vandike 1992 (Vandike , 1996 Lerch et al. 2005; Mugel et al. 2009; Miller and Lerch 2011) . Additionally, while distributary springs represent an important type of discharge feature observed within the Ozarks, typified by Montauk and Toronto Springs (Beckman and Hinchey 1944; Vineyard and Feder 1982) , there are a limited number of studies documenting distributary and multiple outlet spring systems in karst settings (Quinlan and Ewers 1985; Quinlan 1990; Goldscheider 2005) . Typically identified through dye-tracing work or contaminant transport investigations, distributary spring systems can have a variety of forms that may vary depending on hydrologic conditions, recharge area characteristics, and local hydrogeology (Quinlan and Ewers 1985; Quinlan 1990 ; J. Vandike, Water Resources Center-Missouri Department of Natural Resources, personal communication, 2014) . Results of these studies show that multiple springs in such systems may receive positive traces from single tracer injections or may show similar levels of a particular contaminant. Quinlan and Ewers (1985) reported that distributary spring systems were a common feature in carbonate aquifers, and they described such systems as having four principal origins: (1) enlargement of pre-existing anastomoses due to large head differences between flooded passages and base level; (2) collapse and blockage of a spring orifice forcing alternate routes to develop; (3) diversion to lower routes as base level is lowered; and (4) backflooding from surface streams that forces undersaturated water into anastomoses at the potentiometric surface. However, the existing literature has few studies that quantitatively document distributary spring systems and their hydrogeological features, and there are no existing studies describing their geochemistry or documenting possible mixing of recharge sources within these systems. For the purposes of this report, the term distributary springs will be used to describe spring systems that have the following characteristics: (1) multiple springs in close geographic proximity to one another; (2) springs having shared recharge areas (whether in total or a portion of); and (3) flow through a shared conduit system.
Wet Glaize Creek (WG) is located in the central Missouri Ozarks in southeastern Camden County (Fig. 1) . The 332 km 2 watershed is underlain by Ordovician age sandstones and dolomites and the majority of the streams in the watershed have significant losing reaches (Harvey et al. 1983) . Toronto Springs is a distributary spring system, located in the northern portion of the watershed, which consists of numerous perennial spring outlets located along the north and south sides/banks of WG (Figs. 2 and 3). Carroll Cave (CC) is a stream cave with 32 km of known passages, located 4 km to the south of Toronto Springs, which provides a significant percentage of the flow discharging from Toronto Springs (Fig. 4) (Miller 2010) . Dye tracing has positively traced CC to eight of the springs, and WG to ten springs (Fig. 3) . Seepage runs-measuring loss of stream flow between upstream and downstream gaging stations (Lerner et al. 1990 )-in streams of the WG watershed have also identified two major losing reaches along the WG main channel, downstream from dye injection locations shown to lose to Toronto Springs (Miller 2010) . These results revealed that complex recharge relationships exist at Toronto Springs, and prompted the additional studies reported here. There are a number of different approaches that have been employed to obtain (2007, 2010a, b) information on sources and other properties of recharge (Scanlon et al. 2002) and can be subdivided into physical (Lerner et al. 1990; Rushton 1997) , tracing (e.g., Leaney and Allison1986; Ronan et al. 1998; Arnold and Allen 1996; Flint et al. 2002) and numerical methods (Singh 1995; Hatton 1998; Qian et al. 2006 ). Mixing models typically using two to six geochemical end member tracers (Christopherson and Hooper 1992; Doctor et al. 2006; Barthold et al. 2011 ) have been successfully used to determine sources of recharge (e.g., Liu et al. 2004 Liu et al. , 2008a Liu et al. , b, 2013 ) that compare favorably to results using isotope analysis (Liu et al. 2004; Doctor et al. 2006) .
The specific objectives of this research were to: (1) characterize the individual geochemistry of 11 springs within the Toronto Springs system and the two recharge sources through high-resolution monitoring of specific conductivity (SpC), temperature, and pH; (2) analyze major ion concentrations in the springs to develop endmember mixing models to estimate the proportion of CC and WG to the recharge of each spring; and (3) synthesize results of the mixing models and previously conducted dye tracing and seepage run studies to develop a conceptual model that describes the primary flow paths of the Toronto Springs system.
Materials and methodology

Setting
The WG drainage basin is located in the central Missouri Ozarks region and is within the Grandglaize Basin, which, in turn, is part of the Osage River Basin. The area is characterized by rolling hills dissected by meandering streams and local elevation varies from 213 to 348 m above sea level with total vertical relief of about 135 m. Land cover is dominated by grasslands and deciduous forests, which account for 91 % of the total land cover in the watershed (Missouri Resource Assessment Partnership 2005) . The region is dominated by karst topography, with features that include springs, caves, and sinkholes (Fig. 2) , and the majority of local surface drainages have losing stream reaches (Harvey et al. 1983) . The underlying bedrock is Ordovician dolomites and sandstones, with the cave and karst areas mainly occurring within the Gasconade Dolomite. Overlying the Gasconade Dolomite is the Roubidoux Formation; a grouping of sandstone and chert with some dolomite interbeds, which is found primarily along the ridgetops, and the Jefferson CityCotter Dolomite is exposed in a few areas near the Montreal Fault Block (Middendorf 1984), the major structural feature of the study area. Additional structural features include the Mill Creek Fault, the Mill Creek Syncline; and in the study area, the dip is generally 1°to the east (Helwig 1965) . While many of the faults are minor in overall displacement, they play an important role in the loss of surface water to the subsurface environment.
Carroll Cave (Fig. 4) is a large stream cave system which has been mapped to a length of 32 km, though exploration and survey is still ongoing. The dendritic pattern and curvilinear passages are indicative of floodwater recharge from losing streams predominantly along bedding partings (Palmer 1991) . The cave contains three streams that flow independently from one another, creating two in-cave drainage divides. The numerous side passages contribute flow as tributaries to these larger streams. Thunder River, the largest stream, flows through the cave for over 11 km, dropping 60 m in elevation, before reaching the water table at a large terminal lake room. Qualitative dye tracing has shown the surface recharge areas for Thunder River to be Traw Hollow (located to the south of the cave), Davis Hollow, and portions of south Barnett Hollow. Confusion Creek, the second largest stream, was discovered in 2009 and is reached via a large side passage within the cave known as DL7. Recharge to Confusion Creek is from a series of large sinkholes located to the west of the main cave system. Carroll River, the smallest of the three streams in terms of discharge, has been truncated by the downcutting of Thunder River and appears to currently receive recharge only from epikarstic aquifers located above and adjacent to the cave system (Miller 2010) .
Toronto Springs (Fig. 3) is located in the northern portion of the WG drainage basin. The spring system consists of approximately 20 perennial and ephemeral springs which discharge from the alluvium of the WG floodplain. Two of the springs emerge from openings at the base of dolomite outcrops, with one known to be a Lerch, Carroll Cave Conservancy, personal communication, 2014) cave (spring TS8). Eleven of the perennial springs were selected for monitoring, which had substantial flow and deep enough channels to accommodate deployment of dataloggers, seven of which were located on the south side of WG and four on the north side. Total average flow for the spring system is approximately 800 L s −1 with a flow range of 10-90 L s −1 for each spring (Miller 2010 were used to determine if individual springs were significantly different from one another in these basic water quality parameters. Only baseflow conditions were examined as inundation of the springs by WG during high flow periods invalidated comparisons among the springs under high flow conditions. Baseflow YSI data were chosen using four criteria:
1. The datalogger sensors had sufficient time to equilibrate to the surrounding spring water. 2. No erratic readings existed or acceptable replacement data were available. 3. SpC, pH, and temperature readings were stable or asymptotically approaching equilibrium following a runoff event. 4. Once baseflow periods were identified, a 3-day interval was randomly chosen for each site.
Each of the selected data sets represented 288 individual data points (3 days × 96 readings per day) for each site. These data were then used to calculate ratios to the reference site at TS7 and for conducting statistical analyses. Each site in the study, where possible, had a datalogger deployed during cool months (October-March) and warm months (April-September) to examine possible seasonal variations. However, due to time and resource constraints, three sites (TS4, TS5, TS6) have two warm periods and no cool periods, and one site (TS2) had no warm season data. Data were downloaded, sensors calibrated, and maintenance performed twice per month.
Chemical analysis
Samples were collected for ion analyses twice per month from February to September 2010 from the 13 sites already described. Grab samples were collected under baseflow and runoff conditions in 500-ml plastic bottles and placed on ice during transport to the laboratory. A total of 167 samples were collected. Major cations, HCO 3 − , and CO 3 2− concentrations were determined within 24 h of collection; anion concentrations were determined within standard holding times (Eaton et al. 2005) . Cations were analyzed by flame photometry (Na + and K + ) or by atomic absorption spectrometry (Ca 2+ and Mg , and F − were completed using ion chromatography with electrolytic suppression on a Dionex DX 600 system in accordance with methodologies described in Standard Methods for the Examination of Water and Wastewater (Eaton et al. 2005) . Anion analyses were conducted for all sites during the first two sampling periods to ensure charge balance occurred (within 10 %), after which one site was randomly chosen for each sampling set. Coincident with the grab samples collected for ion analysis, instantaneous measurements of pH, temperature, and SpC were conducted. Additional details about the chemical analyses can be found in Miller (2010) .
Statistical analysis
For the continuous monitoring data, statistical analyses were performed on datasets created by dividing the raw values of an individual spring by the corresponding values at reference site TS7, which was chosen as the reference since the site is a spring branch that integrates the flow from all springs on the south side of WG. Due to resource constraints, it was not possible to monitor all 13 sites simultaneously and, therefore, the computation of ratios to a common reference provided a means of standardizing the data so that site differences could be statistically analyzed. The ratio was computed for each individual spring to that of the reference site using
where R ij is the ratio for a value between a given spring and that for TS7, S ij is the i-th spring for parameter j, where j represents a value for pH, temperature, or SpC; S TS7j is the value at reference site TS7 for the j-th parameter. The ratio data were not normally distributed according to the Kolmogorov-Smirnov test (p<0.05 for all parameters); therefore, non-parametric statistical methods were used for determining differences between sites. Mann-Whitney tests (U-tests) were used to determine if seasonal differences (cool vs. warm) for a site were significantly different (α=0.05). If significant differences were found between seasonal datasets, then the seasonal data were analyzed separately. Due to the sampling periods, datalogger maintenance, and the time span of the research, some sites (TS2, TS4, TS5 and TS6) did not have both seasons represented. For those sites with two warm season datasets, the U-test was used to determine if the two warm season datasets were significantly different. Then the dataset closest to the mid-point of the season (i.e., the end of June) was chosen. One exception was made in splitting the seasonal datasets for spring TS2. The presumptive warm season data for the site exhibited unseasonably cool water temperature, even though the sampling periods were technically in the warm season. Because of this, it was ultimately decided to include the TS2 data only in the cool season analysis.
The Kruskal-Wallis test (H-test) was used to determine differences among sites using the ratio data for pH, SpC, and temperature (α=0.05). Pair-wise comparisons were then made to determine significant differences in mean rank between sites based on critical difference values using the method of Chan and Walmsley (1997) . The critical difference values are a function of the total number of observations in the data set, the number of comparisons, and the number of observations per site. Therefore, critical differences calculated for the cool season were smaller, compared to the warm season critical difference, due to the fact that fewer overall sites were monitored during the cool season. The major cation (Ca 2+ , Mg 2+ , Na + , K + ) and HCO 3 − data were normally distributed based on the Kolmogorov-Smirnov test (α=0.05). Thus, oneway analysis of variance (ANOVA) was used for determining differences among sites (α=0.05), and 95 % confidence intervals about the mean concentrations were computed for these data. In addition, cluster analysis by Ward's method of agglomeration was used to determine groups of springs based on their average Ca 2+ , Mg 2+ , and HCO 3 − concentrations and SpC to support the choice of end members for the mixing models. Ward's method computes the distance between two groups as proportional to the change in the within group sum of squares that results when two groups are combined (Ward 1963) .
Two-end-member mixing model analysis Previous dye-tracing results (Miller 2010 ) demonstrated that CC and WG are the dominant recharge sources to Toronto Springs. The two-end-member mixing model developed here assumed that CC and WG were the primary endmembers of the monitored springs at Toronto Springs and that other recharge sources were negligible. Two end members provide the minimum number of inputs into such hydrological mixing models (Christopersen and Hooper 1992) and such models have been successfully used to quantify source contributions in a variety of settings (e.g., Gong et al. 1995; Liu et al. 2008a ) Thus, a simple two-end-member mixing model (Eq. 2) was developed:
where P iHM is the proportion of the highest valued end member contributing flow to spring, i; S ij is the i-th spring for parameter j, where j represents the cation or anion concentration, or SpC; HM j is the highest end member value for parameter j, represented by CC; and LM j is the lowest end member value for parameter j, represented by WG. Average site values for Ca 2+ , Mg 2+ , and HCO 3 − concentrations and the instantaneous SpC data were used as the input for the mixing models. In an effort to provide robustness to the input datasets, SpC was included because it is an overall indicator of dissolved ion concentrations in the water samples and provided an independent measurement method from that of the specific ion concentrations. A mixing model representing the average of the proportions from these four parameters was also computed.
Results and discussion
Differences in physical and chemical characteristics among springs
Results of the U-tests for temperature, pH, and SpC values for all sites indicated significant seasonal differences with pvalues <0.05. Monitoring data from springs TS1 and TS7 (reference site) showed slight, but significant, differences in temperature and larger differences in SpC and pH by season (Fig. 5) . Also, note the observed diurnal fluctuations at the reference site for temperature and pH, while TS1 does not show such a pattern. Other sites showed similar seasonal patterns in all three parameters (data not shown), but temperatures generally showed greater differences between seasons than that of TS1. Because of these differences, the cool and warm season ratio datasets were analyzed separately to assess differences among the sites. Results of the Htests for the warm and cool season datasets showed significant differences between sites with respect to pH, temperature, and SpC (Table 1 ). Major differences in temperature were observed between sites with WG having the highest mean rank in the warm season and the lowest mean rank in the cool season, an anticipated result for a surface stream. Conversely, CC had among the highest mean ranks for temperature in the cool season, grouped along with sites TS1 and TS13, indicating a more groundwater dominated flow regime. The datasets for pH showed similar results, with WG having the highest mean rank in both seasons (most basic) and spring TS12 the lowest mean rank in both seasons (most acidic). Specific conductivity showed differences among sites that were consistent with anticipated differences between surface stream and groundwater flow systems. WG had the lowest SpC in the warm season due to seasonally high flow, while spring TS8 and CC had the highest mean ranks. The H-test results clearly demonstrated that the springs had distinct chemical and physical properties. Furthermore, results of dye-tracing studies in an earlier phase of this research showed that springs with shared recharge areas were generally similar (i.e., not significantly different) in these three parameters ( Fig. 3; Miller 2010) . However, the dye traces only established point-to-point connections and could not be used to estimate the proportion of recharge sources to the springs.
Major ion concentrations
Of the major ions, only Ca 2+ concentrations showed significant differences between sites, with average concentrations ranging from 0.802 to 1.00 mmol L −1 ( , and HCO 3 − showed considerable variation across sites (Table 2 and Fig. 6 ), but WG and TS2 consistently had the lowest concentrations of all three ions. CC and TS8 also Cluster analysis was used to determine major groups among the sites based on their average ion concentrations and SpC. Resulting dendrograms for all four parameters showed three distinct clusters (Fig. 7) . For Ca 2+ and SpC, a reduction in the number of clusters from >4 to 3 occurs at a distance of <0.5 for both parameters (Fig. 7) , and subsequent reduction from three to two clusters occurs at distances that are much greater than that required for previous combinations. In the Ca 2+ dendrogram (Fig. 7) , for example, this indicated that sites CC, TS8, and TS12 were a distinct cluster (i.e., distance of 4.4 was required for combining) from the eight sites in the adjacent cluster. Similarly for the SpC dendrogram (Fig. 7) , the six-site cluster including CC was distinctly different (i.e., distance of 3.3) from the five-site cluster that included WG. Dendrograms for Mg 2+ and HCO 3 − (not shown) were very similar to that of Ca 2+ and resulted in similar groups (Table 3) . Overall, the results of the cluster analysis indicated the existence of three distinct groups-low, intermediate, and high concentration or conductivity (Table 3 and Fig. 6 ). However, SpC showed a very different arrangement of sites within each group compared to that of the ion concentrations (Table 3) . For SpC, CC was in the intermediate conductivity group and was included with a large group of springs (TS1, TS4, TS10, TS11, and TS13) that were in the intermediate concentration group for the ion data. Further, three sites that were in the intermediate group based on ion concentrations (TS5-7), were included in the low conductivity group along with TS2 and WG. In contrast, groups based on ion concentrations showed that WG and TS2 were always in the low concentration group, and CC and TS8 were always in the high concentration group (Table 3 and Fig. 6 ). Most of the remaining springs were in the intermediate group. These results were consistent with earlier dye-tracing studies (Miller 2010) demonstrating that CC and WG were the primary recharge sources to the springs. The ion data also supported the choice of CC and WG as end members in the mixing models, and indicated that ion-specific data were more discriminating than SpC for identifying recharge sources to the springs. This research supports the use of major ion concentrations as a valid and simple approach for discriminating recharge sources in distributary spring systems.
Two-end-member mixing model
Mixing model results showed that the springs represented a range from groundwater to surface-water-dominated recharge sources. Results of the Ca 2+ mixing model showed a range of values from 27 to 107 % of the recharge contributed by CC (Table 4) . However, all of the springs except TS2 were estimated to have >50 % contribution from CC, and among the ion-specific models, the Ca 2+ model gave the highest estimated proportion of CC to the springs, with an average of 63 % for all sites. The Mg 2+ mixing model had the narrowest spread of estimates for end-member contributions compared to the TS1  TS2  TS4  TS5  TS6  TS7  TS8  TS10  TS11  TS12  TS13  WG   Ca   2+   H   a   I  L  I  I  I  I  H  I  I  H  I  L  Mg   2+   H  I  L  I  I  I  I  H  I  I  I  H  L  HCO 3   −   H  I  L  I  I  I  I  H  I  I  H other models with the estimated CC contribution ranging from 4 to 78 % (Table 4) . In contrast to the Ca 2+ model results, the proportion of recharge from CC estimated by the Mg 2+ model was <40 % for seven of the sites, and all sites except TS13 resulted in lower proportions of recharge from CC. The Mg 2+ model resulted in the highest estimates of surface-water contribution to the springs with an average of 58 % of the spring recharge attributed to WG. Results of the HCO 3 − model were generally intermediate to that of the Ca 2+ and Mg 2+ models. Estimated recharge proportions of CC ranged from −4 to 136 %, but the average overall sites for the HCO 3 − model showed slightly greater groundwater inputs (55 % CC) than surface water. For eight of the springs (TS1, TS4-7, TS10, TS11, TS13), the HCO 3 − model estimated the proportion of CC recharge to be in a relatively narrow range (37-50 % CC), and all of these springs, except TS13, were intermediate to that of the Ca 2+ and Mg 2+ model results. The model for SpC showed very different results in the end-member proportions from the ion-specific models because of the narrow range (340-397 μS cm −1 ) of the data and the fact that CC was not the high end member. As a result, estimated recharge proportions from the SpC model were inconsistent with the ion-specific models and tended to greatly over-estimate CC recharge contribution compared to them. Overall, the SpC model estimated that 92 % of the recharge was attributed to CC, but comparisons of specific sites showed large differences between results of the ion-specific and SpC models. For several springs (TS4, TS10, TS11, and TS13), the SpC model indicated that CC dominated the recharge to these springs, but the ion-specific models showed more equal contributions of recharge from CC and WG. Further, differences between the results of the SpC and ion-specific models for TS8 and TS12 were much larger. While results of the Ca 2+ and Mg 2+ models were seemingly inconsistent for TS8, they reflected the similarity in ion concentrations between CC and TS8, demonstrating that the site was dominated by groundwater recharge (see the following discussion). Thus, the mean of the ion-specific models was considered to be the most robust estimate of the recharge proportions, and the SpC data were not included in the mean model. Results of the mean model showed that eight of the springs (TS1, TS4-7, TS10, TS11, TS13) had nearly equal proportions of recharge from CC and WG, one spring (TS2) was dominated by recharge from WG, and two springs (TS8 and TS12) were dominated by recharge from CC. Viewed spatially (Fig. 8) , the eight springs with similar recharge proportions, and therefore ion concentrations, were distributed throughout the flood plain and on both sides of the WG channel. Spring TS12, dominated by CC recharge, is located on the north side of the WG channel, yet CC flow is from the south. These observations provided evidence for the existence of separate sub-surface conduits flowing to specific springs or groups of springs (see the following). Moreover, the ion-specific mixing models illustrate that the Toronto Springs system represents an active groundwater/surface- water mixing zone between a karst aquifer and a surface stream channel. This work builds upon recent advances in karst hydrogeology that reveal complexities in rechargedischarge relationships and surface stream-conduit exchange within aquifer systems (Moore et al. 2009; Gulley et al. 2010; Luhman et al. 2012) . While the ion-specific mixing models were useful for describing recharge source mixing for the majority of the monitored springs, the fact that the model was not applicable for some springs suggested the influence of other recharge sources to these springs. Spring TS8 was one example for which the average Ca 2+ and HCO 3 − concentrations were greater than CC and, thus, resulted in >100 % apparent contribution from groundwater. However, previous groundwater tracing indicated that TS8 was not positively traced from CC, and recharge to this spring apparently represents contribution from a separate karst aquifer, also formed in Gasconade dolomite, which resulted in very similar ion concentrations to that of CC. In addition, WG was not traced to spring TS8, yet the Mg 2+ mixing model indicated that 22 % of the recharge was derived from the creek. Given the location and chemical characteristics of TS8, any source of surface recharge was likely from lower Barnett Hollow Creek; however, no dye tracing has been conducted to confirm this connection. Spring TS12 gave a similar result to that of TS8 for the HCO 3 − model because the spring had slightly greater average HCO 3 − concentrations than CC. In contrast to TS8 though, TS12 has been traced from CC, and the ion-specific models estimated that CC was the dominant recharge source to this spring. Spring TS2 also had a result inconsistent with the HCO 3 − mixing model because the site had an average HCO 3 − concentration slightly lower than that of WG. Analogous to TS12, spring TS2 has been traced from WG, and the mean model estimated the creek to account for 91 % of the recharge to this spring. In contrast, the Ca 2+ and Mg 2+ mixing model results for TS2 indicated contributions from CC, but the cave was not positively traced to the spring. Apparently, other groundwater sources may provide a small proportion of the recharge to TS2. The mixing model results demonstrate that the ion concentrations of CC and WG are representative of local groundwater and surface streams, respectively, and support the hypothesis that WG and CC are the two primary recharge sources to the Toronto Springs system.
Development of a conceptual model for the Carroll Cave-Toronto Springs system
Distributary spring systems have often been viewed in a simplistic manner in which the various springs were presumed to derive from a common recharge source, resurging through the alluvium at various locations.
Results from this study show that this view is incorrect for Toronto Springs, and the individual springs can Missouri Geological Survey (2007 , 2010a represent different mixing zones with distinct water chemistry. Results of the mixing models along with previous dye-tracing studies, seepage runs, geological mapping, detailed survey of the CC system, and known structural features of the WG watershed (Helwig 1965; Middendorf 1984; Miller 2010 ; Fig. 2 ), support the hypothesis that distinct conduits recharge the springs or groups of springs and that surface and subsurface water interactions occur along these complex flowpaths. Furthermore, it is proposed that springs with common proportions of end-member recharge, even when on opposite sides of the base level stream, were supplied by the same conduit or fracture and these flow paths controlled the contribution of the end-member recharge. This represents a new conceptual model for distributary spring systems in that the water discharging from the 11 springs at Toronto Springs is not geochemically homogenous but is dependent on the complex mixing of groundwater and surface stream-flow systems. Detailed studies of the hydrology and hydrochemistry of distributary spring systems are lacking in the literature and, therefore, no conceptual models exist to describe the physical setting or the nature of recharge source mixing occurring within these systems. The conceptual model developed here to describe this system includes the major known recharge sources to Carroll Cave via losing streams in Traw and South Barnett hollows (Figs. 9 and 10 ). These losing streams recharge either Thunder River, a Thunder River tributary (DL7), or Confusion Creek within Carroll Cave, but eventually converge into a single large conduit at the water table that extends for approximately 4 km northeast towards Toronto Springs. The lower portion of this large conduit is viewed as the major mixing zone of WG with CC groundwater (Fig. 9) . Structural faults of the Montreal Fault Block and cutoff springs along WG provide the probable conduits that facilitate the mixing of surface and ground waters that subsequently resurge as distinct spring outlets along the north and south sides of WG. Toronto Springs represents a unique distributary spring system created by the unusual combination of a large karst recharge area in close proximity to a major fault block.
Conclusions
Intensive monitoring of 11 springs and their two principal recharge sources demonstrated that the springs were distinctly different in terms of temperature, pH, and SpC, and these differences also varied seasonally among the springs. Mean ion concentrations were not significantly different between sites, except for Ca , and SpC among sites demonstrated the existence of three distinct groups and supported the use of CC and WG as recharge end members in the mixing models. Results of the mixing models indicated a broad range of end-member proportions for the springs, from surface water to groundwater dominated, and elucidated the complex mixing that can occur within a distributary spring setting. Two springs, TS2 and TS8, provided additional support for the development of the generalized mixing models, showing that CC and WG were representative of local groundwater and stream flow regimes, respectively. Results from multiple lines of evidence combining this and previous work-mixing model results, dye tracing, seepage runs, cave survey, and known structural features of WG watershed-support the hypothesis that distinct conduits supplied flow to the springs or groups of springs, and these conduits controlled the end-member recharge contributions and geochemistry of the springs. This represents a new understanding of the complexities that can exist within distributary spring systems, and a conceptual model of the hydrogeologic setting of this conduit structure has been proposed to synthesize these results. Toronto Springs represents a complex distributary spring system where groundwater from the CC karst aquifer mixes with surface water from the WG stream channel to discharge via distinct conduits within the flood plain of WG. This study provides another methodological tool for examining karst aquifer flow systems and groundwater/surface-water interactions in large drainage basins to aid in better understanding the recharge sources and discharge characteristics of complex distributary spring systems.
